Background: Osteosarcoma (OS) is a malignant tumor disease with high morbidity and mortality in children and adolescents. Recently, attention has been focused on the effects of long noncoding RNAs (lncRNAs) on tumor biology. In this study, we identified the role of lnc-SERTAD2-3 in the development of OS. Materials and Methods: Sixty OS samples and adjacent tissues were collected to determine the relationship between lnc-SERTAD2-3 levels and clinicopathological characteristics. Quantitative real-time PCR (qPCR) was used to measure gene expression levels. A transwell invasion assay, a Cell Counting Kit-8 assay, and flow cytometry were used to measure cell migration, growth, and apoptosis, respectively. The binding site between the lnc-SERTAD2-3 and miR-29c RNAs was evaluated using a luciferase reporter assay. Results: The expression of the lnc-SERTAD2-3 was significantly downregulated in OS samples and three OS cell lines (MG-63, U2OS, and Saos-2) compared to normal tissue. Patients with lower levels of lnc-SERTAD2-3 expression had a more unfavorable prognosis (larger OS size, distant metastasis, and recurrence). Overexpression of lnc-SERTAD2-3 inhibited proliferation and migration, and promoted apoptosis in OS cells. Moreover, we found that lnc-SERTAD2-3 could suppress miR-29c by direct binding. Moreover, reexpression of miR-29c reversed the effect of lnc-SERTAD2-3 on OS cells. Conclusion: Overall, lnc-SERTAD2-3, an OS suppressor, is involved in the inhibition of OS proliferation and migration by targeting miR-29c.
Introduction
O steosarcoma (OS) is the most common bone malignancy (5 out of 1,000,000 children) in childhood and young adults around the world (Ottaviani and Jaffe, 2009 ). Owing to advanced diagnostic techniques and improvements in therapy, the prognosis of patients with OS has been significantly enhanced. However, the survival of OS patients with recurrence and metastasis remains unsatisfactory. The 5-year survival rate was only 10% in patients with distant metastasis (Allison et al., 2012) . Therefore, novel and effective biomarkers for diagnosis, prognosis, and treatment are urgently needed.
Long noncoding RNAs (LncRNAs) are a class of nonprotein-coding transcripts (larger than 200 bases) that participate in a variety of physiological and pathological functions (Wang et al., 2018) . Increasing evidence suggests that lncRNAs play a critical role in cancer cell proliferation, migration, and apoptosis, and irregular lncRNAs levels are associated with malignancy initiation and development (Sun et al., 2018; de Oliveira et al., 2019; Flippot et al., 2019) . Unfortunately, it is difficult to clarify lncRNA-lncRNA, lncRNA-miRNA, and lncRNA-protein networks due to the large number of lncRNAs involved in these processes. Encouragingly, a number of lncRNAs have been demonstrated to exert an important role in OS, including OS initiation, metastasis, and chemoresistance (Li et al., 2017; Smolle and Pichler, 2018) . Thus, identifying these lncRNAs as diagnostic or prognostic biomarkers and therapeutic targets may profoundly improve therapeutic efficacy and clinical outcomes for patients with OS.
To date, the molecular mechanism of lncRNAs underlying the development of OS remains unclear. Recently, it has been proposed that lncRNAs exert ''sponge-like'' effects on miRNA. Mechanistically, lncRNA can reduce miRNA expression by competitive direct binding, which siphons miR-NA away from mRNA and subsequently disables the miRNA (Chen et al., 2017) . The lncRNA/miRNA/gene axis usually contributes to regulating cancer biology, including OS. Emerging studies indicate that the lncRNA SERTAD1/2/3 families are indicators of malignancy in patients (Martini et al., 2017; Mongre et al., 2019) . In this study, we detected the expression of lnc-SERTAD2-3 in OS and adjacent tissue and investigated the effect of lnc-SERTAD2-3 on OS cell proliferation, invasion, and apoptosis.
Materials and Methods

Patients and OS specimens
This study (3012018441) was approved by the Hospital Medical Ethics Association of the People's Liberation Army (PLA) General Hospital (Beijing, China). A total of 60 OS specimens and surrounding normal tissues were collected in the Department of Orthopedics, PLA General Hospital from 2010 to 2018. These specimens were quickly frozen in liquid nitrogen and subsequently transferred to -80°C for storage. Furthermore, the clinical characteristics, including age, sex, tumor size, clinical stage, distant metastasis, and recurrence, were obtained for correlation analysis.
Cell culture and cell transfection
Human OS cells (MG-63, U2OS, and Saos-2) and hFOB1.19 cells were purchased from Shanghai Institutes for Biological Sciences (Shanghai, China) and maintained in Dulbecco's modified Eagle's medium with high glucose and 10% fetal bovine serum in a cell culture incubator at a temperature 37°C with 5% carbon dioxide. A lnc-SERTAD2-3overexpressing plasmid was established based on the pcDNA3.1 plasmid (Invitrogen, Carlsbad, CA). miR-29c and miR-con were commercially synthesized by Genepharma (Shanghai, China). For cell transfection, the recombinant plasmid (100 ng) and miRNA (20 nM) were transfected using the Lipofectamine 2000 reagent (Life Technologies, Carlsbad, CA) according to the manufacturer's instructions.
RNA extraction and quantitative real-time PCR
Total RNA was extracted using the TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Complementary DNA was synthesized using PrimeScript reverse transcriptase (Takara, Kyoto, Japan) and an oligo (dT) primer. Quantitative real-time PCR (qPCR) was performed using SYBR Green (Takara) on an ABI7500 (Applied Biosystems, Carlsbad, CA). The relative expression of lnc-SERTAD2-3 and phosphatase and tensin (PTEN) was normalized to GAPDH, and the relative expression of miR-29c was normalized to U6.
Cell Counting Kit-8
Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan) was used to evaluate cell viability. In brief, 5 · 10 3 cells/well were seeded into 96-well plates for 0, 1, 2, 3, and 4 days, followed by incubation with CCK-8 at 37°C for 4 h. Then, the optimal density was measured with a Bio-Rad 3550 microplate reader at a wavelength of 450 nm.
Transwell invasion assay
Matrigel-coated Transwell cell culture chambers (8 mm) were used to detect cell invasive ability. The cells, at a density of 1 · 10 5 , were mixed to add into the upper chamber, and 500 mL of culture medium containing 10% serum was added into the lower chamber. The Transwell plate was placed in a cell culture incubator at 37°C with 5% carbon dioxide for 24 h. The cells that did not pass through the chamber were wiped from the inner side of the chamber bottom with a cotton swab. The cells that adhered to the pores of the chamber were fixed with methanol, stained with crystal violet, washed with PBS, and photographed. The number of invasive cells was randomly counted in five fields.
Flow cytometry assay
Cell cycle analysis was performed as described in a previous study (Liu et al., 2019) . In brief, cells were fixed with 70% ethanol at 4°C overnight. Then, cells were washed with PBS, stained with propidium iodide, and analyzed with a BD Accuri C6 flow cytometer (BD, San Jose, CA). For cell apoptosis analysis, the Annexin V-FITC Apoptosis Detection Kit (KEYGEN, Shanghai, China) was used according to the instructions. The apoptosis rate was generated using a BD Accuri C6 flow cytometer (BD Biosciences, Mountain View, CA).
Statistical analysis
Data in the experiment were analyzed using SPSS software version 16.0 (SPSS, Inc., Chicago, IL). All data are presented as the mean and SD. The significance was determined by Student's t-test and one-way ANOVA. A difference of p < 0.05 was considered statistically significant.
Results
Downregulation of lnc-SERTAD2-3 expression in OS
To determine whether lnc-SERTAD2-3 was associated with OS, qPCR was used to detect the expression of lnc-SERTAD2-3 in OS cell lines and clinical specimens. Levels of lnc-SERTAD2-3 in OS cells (MG-63, U2OS, and Saos-2) were significantly downregulated relative to normal human osteoblasts (hFOB1.19) ( Fig. 1A) . As expected, decreased lnc-SERTAD2-3 expression, relative to adjacent tissues, was also found in OS specimens (Fig. 1B) . In addition, we also found that lower lnc-SERTAD2-3 expression was correlated with an unfavorable prognosis, including tumor size and distant metastasis and recurrence (Table 1) . Patients with lower lnc-SERTAD2-3 expression were also associated with a poor overall survival rate (Fig. 1C) .
lnc-SERTAD2-3 retarded OS cell growth
To further investigate the effects of lnc-SERTAD2-3 on OS cells, we elevated lnc-SERTAD2-3 expression in MG-63 and U2OS cells by transfection with a lnc-SERTAD2-3overexpressing plasmid ( Fig. 2A) . A CCK-8 assay showed that cell growth was inhibited in OS cells due to the overexpression of lnc-SERTAD2-3 ( Fig. 2B) . Flow cytometry was used to assess changes in the cell cycle and cell apoptosis. The results showed that lnc-SERTAD2-3 induced G1 phase arrest (Fig. 2C ) and cell apoptosis (Fig. 2D) , which 68 ZHANG ET AL.
resulted in inhibition of OS cell growth. In addition, cell invasion, as measured by Transwell assay, indicated that lnc-SERTAD2-3 suppressed the cells' invasive ability ( Fig. 2E ).
lnc-SERTAD2-3 acted as a molecular sponge of miR-29c
miRcode was used to predict the potential target miRNA of lnc-SERTAD2-3 and miR-29c was identified. The expression of miR-29c was detected in clinical OS specimens. Interestingly, miR-29c expression and lnc-SERTAD2-3 levels were negatively correlated (Fig. 3A) . The expression of miR-29c in OS tissues was significantly higher than that in the adjacent tissues (Fig. 3B ). Overexpression of lnc-SERTAD2-3 significantly suppressed miR-29c levels (Fig. 3C ). In addition, levels of the PTEN homolog, a target gene of miR-29c, were measured by qPCR after transfection of a lnc-SERTAD2-3overexpressing plasmid in OS cells. As expected, the overexpression of lnc-SERTAD2-3 enhanced PTEN expression in OS cells (Fig. 3D ). Furthermore, we established a luciferase reporter plasmid containing the wild-type or mutant lnc-SERTAD2-3 sequence for a luciferase assay (Fig. 3E) . The luciferase activity following cotransfection with wildtype lnc-SERTAD2-3 and a miR-29c mimic was decreased, but was increased following cotransfection with wild-type lnc-SERTAD2-3 and a miR-29c inhibitor (Fig. 3F ).
Reintroduction of miR-29c reversed the effect of lnc-SERTAD2-3 on cells
To elucidate whether miR-29c affected the role of lnc-SERTAD2-3 in modulating OS progression, we cotransfected lnc-SERTAD2-3 and a miR-29c mimic in OS cells. The expression of miR-29c and PTEN was verified after cotransfection ( Fig. 4A, B) . According to the CCK-8 assay, cell growth was significantly enhanced with the restoration of miR-29c in MG-63 and U2OS cells (Fig. 4C) . Moreover, flow cytometry revealed that overexpression of miR-29c inhibited G1 phase cell cycle arrest and cell apoptosis (Fig. 4D, E) and reversed the lnc-SERTAD2-3-mediated attenuation of the cells invasive capacity (Fig. 4F ).
Discussion
The metastasis and recurrence of OS are the primary reasons for the high death rate of OS (Kager et al., 2017) . It is necessary to find novel diagnostic, prognostic, and therapeutic targets for better management. Accumulating studies indicate that lncRNAs are involved in the progression of carcinogenesis for various malignancies, including OS (Smolle and Pichler, 2018; Wang et al., 2018) . Therefore, lncRNAs may provide valuable biomarkers for diagnosis, prognosis, and therapy. Our study suggested that lnc-SERTAD2-3 could be a valuable biomarker for patients with OS.
The lnc-SERTAD2-3 gene, located on chromosome 2, expresses a transcript totaling 2928 bp in size. SERTAD genes, considered key nuclear transcriptional players, play a vital role in neuronal cell proliferation, viral infections, and cancer progression (Hsu et al., 2001; Gupta et al., 2003; Zang et al., 2007; Cheong et al., 2009) . Recent studies indicate that SERTAD members act as transcriptional coregulators to modulate E2F-dependent transcriptional activities (Hsu et al., 2001; Hayashi et al., 2006; Darwish et al., 2007) . Accordingly, the SERTAD family is implicated in E2Fmediated cell cycle progression and tumorigenesis. Nevertheless, the role of lnc-SERTAD2-3 in biological processes remains to be elucidated. In this study, our findings suggested that lnc-SERTAD2-3 might play a critical role in OS carcinogenesis. In addition, lnc-SERTAD2-3 may be a valuable biomarker for OS diagnosis and prognosis. As expected, overexpression of lnc-SERTAD2-3 in OS cells suppressed cell growth by inducing G1 phase cell cycle arrest and cell apoptosis, suggesting that lnc-SERTAD2-3 may act as a suppressor in the development of OS. Interestingly, a previous study showed that lnc-SERTAD2-3 is an independent prognostic marker of relapse and poor prognosis for epithelial ovarian cancer, and higher lnc-SERTAD2-3 expression is often associated with unfavorable prognosis. These data reveal the distinct prognostic value of lnc-SERTAD2-3 in different cancers (Martini et al., 2017) .
Recent studies indicate that aberrant expression of lncRNAs facilitates OS development (Ren et al., 2019; Wu et al., 2020; Yang et al., 2019; Zhang et al., 2019) . These lncRNAs exert their functions by several mechanisms, including targeting some host genes, involvement with signaling pathways and competing with endogenous miRNA. Growing evidence reveals that lncRNAs serve as competitive endogenous RNA for miRNAs, which function as molecular sponges to suppress miRNA expression (Yan et al., 2018; Liao et al., 2019; Su et al., 2019; Wang et al., 2019) . Recently, it was indicated that lncRNA exerts its biological function by binding to and ''mopping up'' miRNA (Chen et al., 2017) . miR-29c was identified as a target endogenous miRNA of lnc-SERTAD2-3 using bioinformatics databases. Of note, there was a negative correlation between the expression of lnc-SERTAD2-3 and miR-29c in OS and adjacent tissues, and we demonstrated that lnc-SERTAD2-3 could suppress miR-29c expression by direct binding.
The miR-29 family has been validated in the development and progression of human OS, and upregulation of miR-29c was observed in OS tissue (Hong et al., 2014; Wang et al., 2016; Liu et al., 2019) . A previous study showed that miR-29 promotes OS cell proliferation and migration by targeting PTEN, while the targeting of miR-29 exhibits significant cell apoptosis activities in OS (Liu et al., 2019) . These results indicate that miR-29, an OS inducer, is involved in OS progression and metastasis. Consistently, our study demonstrated that miR-29c promoted OS cell proliferation and invasion, and lnc-SERTAD2-3, by competitively binding to miR-29c, had the opposite effect. As expected, restoration of miR-29c abrogated the antitumor effects of lnc-SERTAD2-3 on cell proliferation, apoptosis, and invasion in OS cells, which confirmed that lnc-SERTAD2-3 exerted its anti-OS effect by binding to miR-29c.
In conclusion, our study demonstrated that lnc-SERTAD2-3 induced G1 cell cycle arrest and cell apoptosis by the miR-29c/PTEN axis in OS and thus may be a valuable biomarker and therapeutic target for OS. 
